This paper presents a readily understandable hydrologic-based method to calculate the effective dose emerges from the intake of radioactivity on agricultural products derived from radioactive fallout on the soils. We discuss the intake of polished rice as an example of agricultural product. The authors have been studied internal dose calculation regarding to the human body. The scope of our research is expanded from the human body to the soils in this report. Our modeling of the radiocesium transfer from the soils to the human body is based on the previous research regarding the vertical infiltration, the transfer factor to plants, and the residence time of cesium in the soils. We calculate analytically in concise formalization the intensity of radioactivity on the soils per area and the effective dose derived from the intake of radioactivity on the rice using measured radioactive fallout after the Fukushima Daiichi NPP accident.
INTRODUCTION (1) Research background
The Great East Japan Earthquake attacked the north-east region area in Japan on March 11, 2011 . From the damaged reactor containment vessels, several radioisotopes have leaked and have been diffused in the north-east region. After the accident, radioactive fallout into agricultural land leaked from the reactor was observed. Thus, health damage caused by radioactivity on food supply has become an issue of great interest both scientifically and socially. On April, 2012, Japanese government revised the regulatory value of radiocesium on general food from 500 Bq/kg to 100 Bq/kg. Japanese government claims that the revision of standard limit for radiocesium is not emergency response to the nuclear accident but long-term measures. The Japanese regulation regarding radioactivity on food is, however, several times stricter than that of other countries. The lack of practical knowledge concerning health issues associated with radioactive contamination has caused excessive anxiety to the public inside and outside Japan.
(2) Objectives
We have been studied hydrologic-based internal dose calculation 1) , 2) . In this paper, we aim to expand the scope of the research from the human body to the soils. We restrict ourselves to the cesium-137 absorption of radioactivity from the soils to agricultural products here. It should be noted that direct deposition of radiocesium into agricultural products is not discussed. We model the transfer of radiocesium from the radioactive fallout into the soils to the intake of radioactivity on agricultural products. Subsequently, we calculate the effective dose by applying the methods we have been previously studied. We show that our hydrologic-based method can be straightforwardly applied to not only the human body but also the soils. of radiocesium from the soils to the intake of radioactivity on agricultural products by using the data of fallout. Fig.1 shows a schematic diagrams of the radiocesium transfer. Fig.1 (a) describes radiocesium fallout into the soils. We can know the actual intensity of radioactivity per area from above mentioned data of Nuclear Regulation Authority 3) . Fig.1(b) describes the transfer of radiocesium from the soils to rice, one of the major agricultural product in Japan. Here, we introduce the transfer factor η defined as:
The concentration of radioactivity in agricultural products (Bq/kg)
The concentration of radioactivity in the soils (Bq/kg) .
There are many reports regarding the transfer factor 4),5),6) .
The unit conversion from intensity of radioactivity per area (Bq/m 2 ) to the concentration of radioactivity in the soils (Bq/kg) is also required. Later, their treatment in this paper is described in detail. authors proposed earlier 1),2) . Thus, the transfer of radiocesium from the fallout to the the human body is described schematically in this section.
(2) The attenuation of radioactivity on the soils
In the followings, we consider the procedure of the calculation. Fig.2 shows the flowchart to calculate radioactivity in the human body from the radiocesium fallout through the soils and the rice. At first, we can know the fallout of radiocesium from the above mentioned data 3) . The intensity of radioactivity per area on the soils h s (t) is calculated from the residence half-time T r , which is defined as the time the intensity of radioactivity on the soils decreases by half, and so: h s (T r ) = h s (0)/2. The specific value of T r is referenced previous studies 7),8),9) .
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The existence of residence half-time suggests that intensity of radioactivity per area on the soils decreases exponentially. That is, runoff of radioactivity on the soils is also proportional to the storage. The authors have studied the method to calculate intensity of radioactivity in the human body by solving first order linear ordinary differential equation 2) . Here, we suggests that intensity of radioactivity on the soils also can be described by first order linear ordinary differential equation. This is the aim of this paper, we attempt to expand the subject of our method from the human body to the soils. From the definition, the relationship between half-life T and attenuation constant α is defined as:
For example, it is satisfied that T r = ln 2 α r . We should note the correspondence of subscripts in the followings.
Recall that again, intensity of radioactivity per area on the soils decreases exponentially and runoff is linear with respect to the storage. That is,
where h 0 = h(0) is introduced for convenience. Fig.2(a) gives the relationship of total runoff q r (t) with physical runoff q p;s (t) and runoff by environmental factors on the soils q s (t) as:
that is, the relationship between residence half-time T r , physical half-life T p , and "half-life on the soils" (named here for convenience) T s is:
From Fig.2(a) , we can denote the continuity equation of radioactivity in the soils as:
From Eq.(4), Eq.(6) is rewritten as:
that is a first order linear ordinary differential equation. We can get the solution of Eq. (7) analytically as:
under the initial condition h s (0) = h s0 .
(3) The vertical infiltration of cesium in the soils
We discuss the vertical infiltration of cesium in the soils. We reason the unit conversion from intensity of radioactivity per area (Bq/m 2 ) to the concentration of radioactivity in the soils (Bq/kg). It is reported that cesium remains the shallow topsoils 10),11) . If we can know the infiltration depth pf cesium on the topsoils l (m) and the unit weight of the soils ρ (kg/m 3 ), then we can obtain the concentration of radioactivity in the soils as:
The concentration of radioactivity in the soils (Bq/kg) = h s (t) (Bq/m 2 )
ρ (kg/m 3 ) l (m) .
(9) Eq.(9) describes the unit conversion from intensity of radioactivity per area (Bq/m 2 ) to the concentration of radioactivity in the soils (Bq/kg).
(4) Transfer factor of radiocesium from the soils to polished rice
From the definition of the transfer factor Eq.(1),
The concentration of radioactivity in the polished rice
The specific value of η is referenced previous studies 4),5),6),12) .
(5) The annual intake of radioactivity on the rice
If we can know the average annual rice consumption per capita of Japanese adults κ (kg/y), then we can obtain the annual intake of radioactivity on the rice r i (t) as:
We denote Eq.(11) as:
where λ = κη/ρl. Thus, the annual intake of radioactivity on the rice r i (t) is proportional to radioactivity on the soils h s (t) for the proportionality coefficient λ (m 2 /y).
(6) Mathematical description of transfer from radioactive fallout to radioactivity on polished rice
Our previous study 2) describes the intensity of radioactivity in the human body h b (t) (Bq/body) by the following continuity equation:
where α e = ln 2/T e , and T e is the effective half-life. As shown in Fig.2(e) , the effective runoff of radioactivity in the human body q e (t) is described as: (14) that is, the effective half-life T e satisfies
Solving Eq. (13), we can get h b (t) analytically as a func- Cs body burden of a male. Plots are measurement values using a whole-body counter according to Rühm et al., 1999 13) . The solid line is the analytic solution provided by interpolation of the mean time-related intake, calculated by our method (reproduction of Sasaki et al. (2014) Fig. 4(b) 2) ). (16) under the initial condition h b (0) = 0. An accuracy of our method to calculate the intensity of radioactivity in the human body is reconfirmed. The plots in Fig.3 2) ):
tion of time t as:
The effective dose H eff is described as:
for radiocesium (see Eq. (16) in Yamada et al. 2013, in detail) . ⟨E⟩ is the the energy absorbed into the human body per one radioactive decay event. Eq. (18) is, to be exact, the absorbed dose. However, the effective dose and the absorbed dose are equivalent in the case of radiocesium because it occurs β decay and distributes whole the body evenly 14) . In the followings, we treat both are equivalent without notice. Fig.4 compares values of committed effective dose coefficient calculated by our method 1) with those determined according to previous study of International Commission on Radiological Protection 15) (ICRP).
The accuracy of our method to calculate the effective dose is demonstrated regarding nine nuclides. We required special relativity 16 ) and Fermi's interaction 17),18) to estimate Transfer factor from the soils to rice η 0.01, 0.1, 0.4
Average annual rice consumption per capita of Japanese adults κ 60 kg/y the energy of β ray and γ ray concomitant with β decay. Table 1 shows the parameters regarding T r , l, ρ, η and κ used for concrete calculation. The parameters are justified by the below references. Residence half-time T r =18.1 (year) is average across Japan 9) . It is employed as a typical example. Tanihata 11) suggests that the depth which the radioactivity of radiocesium decreases to one-tenth is 31 mm, and so we employ the infiltration depth of cesium on the topsoils as l =0.03 m. The unit weight of the soils ρ=2000 kg/m 3 is represent value for convenience. For example, Braja 19) notes ble values. In the case of η=0.4, it is larger than double of the maximum measurement value. We can say that we estimate sufficiently more unsafe dose when η=0.4. The average annual rice consumption of Japanese adults κis referenced Abdullah 20) , set to be 60 kg/y.
Then, the proportionality coefficient λ is branched as:
Results and Discussion
(1) The calculation of radioactivity on the soil using the measured fallout Fig.5 shows the time series of the annual amount of radiocesium fallout and the intensity of radioactivity per area on the soil. The annual amount of radioactive fallout is estimated by the summation of measured monthly amount of fallout 3) . It should be noticed that the annual amount of fallout after the April 2014 (i.e. t > 3) is extrapolated. Fig.5 suggests that almost fallout had fallen with in 1 year after the accident. Fig.5 (1) shows the intensity of radioactivity per area on the soil h s (t) in the case of the residence half-time T r = T p = 30 y, that is, the case runoff emerges from environmental factors are neglected. It is the improbable case realistically. We can also say Fig.5 (1) is maximum intensity of radioactivity. Fig.5 (2) shows the intensity of radioactivity per area on the soil h s (t) in the case of the residence half-time T r = 18.1 y. It is the average of Japan 9) as mentioned above.
Here, we employ the value as a typical example. In the followings, we discuss using the solution of the intensity of radioactivity per area on the soil h s (t) shown in Fig.5 (2). (2) Radioactivity in the human body caused by the intake of radiocesium on the polished rice The relationship between h s (t) with r i (t) is described in Eq.(12). Substituting Eq.(12) into Eq. (13), we can get the intensity of radioactivity in the human body h b (t). Fig.6 shows the time series of h b (t) according to the transfer factor η. In the next section, we calculate the effective dose based on the result shown in Fig.6. (3) The effective dose calculation due to the intake of radioactivity on the rice derived from fallout Substituting the solution of Eq. (13) into Eq.(17), internal total exposure I(t) is obtained. Subsequently, substituting I(t) into Eq. (18), we can get the effective dose H eff (t). Fig.7 shows the time series of the effective dose according to η. If η=0.4, the dose rate is 5.8 mSv/y. We should notice that this calculation excluding artificial decontamination activity completely. It should be noted that the rice exceeds the standard limit for radiocesium in Japan (100 Bq/kg) is not on the market.
For reference to compare, the United Nations Scientific Committee on the Effects of Atomic Radiation (UN-SCEAR) states that the total exposure dose due to natural radiation (world average) is 2.4 mSv/y 21) . UNSCEAR also
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noted that a dose rate less than 100 mSv/y indicates a linear no-threshold model 22) . It is said that the dose rate does not provide a significant indication of cancer risk 23) . We can say that the order of dose rate caused by the intake of radioactivity on the rice is same with those of natural radiation in the case of η=0.4.
Conclusion
The objective of this paper was to calculate the effective dose due to the intake of radioactivity on agricultural products derived from fallout. Radioactivity on the soils h s (t) is described as a single vessel as with the human body. We can get h s (t) analytically solving continuity equation of radioactivity, which is the first order differential equation. We discuss the transfer of radiocesium from the soils to the rice based on previous studies. Thus, we calculate the effective dose using our previously proposed method. The scope of our research is expanded from the human body to the soils. We calculate the effective dose due to the intake of the rice in the case of there is no artificial decontamination. In the case of the transfer factor η is larger than double of the maximum measure value, the order of the dose rate is same with those of natural radiation.
